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==========================

Noise is an unwanted product of urbanization that is becoming increasingly dangerous for humans and animals.\[[@ref1][@ref2][@ref3][@ref4]\] It may affect patient's health both, at auditory and non-auditory levels. Noise has been largely proved to be a common cause of hearing loss on one hand, and one of the most common causes of stress, anxiety, and sleep disturbances on the other hand.\[[@ref5][@ref6][@ref7]\] Duality in auditory and non-auditory effects of noise may obey to the fact that displeasing sounds when perceived, follows two paths in central nervous system: the main path sending information to auditory structures where sounds are processed, and the other path carrying sounds to deep brain structures where they are emotionally interpreted.\[[@ref8][@ref9]\] Activation of these non-auditory structures should be responsible for most of the extra-auditory effects of noise.\[[@ref10][@ref11]\]

Between extra-auditory structures involved in noise processing, the hippocampus calls attention by being one of the most important regulators of the body's response to aversive/stressing conditions,\[[@ref12]\] and by being part of the extended neural network for affective sound processing.\[[@ref9]\] As a part of these systems, the hippocampus becomes vulnerable to environmental stressors, and if conditions exceed the individuals' adaptive capabilities, it suffers reduction on dendrite branches, alterations in neurotransmitter levels, impairment on cognitive associated processes, and damage to neurogenic niches.\[[@ref13][@ref14]\]

If so, most of the stress-related alterations on hippocampus have been reported on neurons, glial cells have emerged as novel targets for stressing conditions (for review, refer Jauregui-Huerta *et al.* \[[@ref15]\]. These cells represent the most common and versatile cells residing in the hippocampus. Astrocytes for example, are the main physiologic support for neurons, one of the most important modulators of synaptic activity, and one of the most active regulators of brain homeostasis.\[[@ref16][@ref17][@ref18]\] Every astrocyte possesses many fiber-like processes that envelope several hundred dendrites from many surrounding neurons and serves as an active sensor for any physiological or pathological change at any brain microenvironment.\[[@ref19]\] Then, under compromised conditions, astrocytes change their morphology and the pattern of expression of many genes including the glial fibrillary acidic protein (GFAP), the main marker of astrocytes.\[[@ref20]\] So in the view of the fact that astrocytes also express receptors for most of the stress related hormones,\[[@ref15][@ref18][@ref21][@ref22]\] they should be explored in the contexts of physiological compromise as those generated by environmental stressors.

Because urban noise may become a potent stressor\[[@ref11]\] and the hippocampus is an important target for stress molecules, it follows that noise exposure may affect hippocampal integrity not only in the classic neuron-associated way (i.e., diminishing its dendrite branches, reducing its proliferative rates, changing its synaptic capabilities, and so on\[[@ref23][@ref24][@ref25]\], but also in a non-classic astrocyte-associated way (modifying astrocyte numbers and/or morphology). Previous studies conducted for us and other laboratories confirmed that noise exposition in early stages produces long-term cognitive impairment and damage to hippocampal neurons.\[[@ref26][@ref27][@ref28][@ref29]\] However, it is still unknown as which are the effects on cell populations different from neurons. The present study was then designed to determine the effects of noise on the young hippocampus by assessing the local astrocyte response.

M[aterials and]{.smallcaps} M[ethods]{.smallcaps} {#sec1-2}
=================================================

Experimental animals {#sec2-1}
--------------------

We used 20 Swiss Wistar male rats (51.8--82 g body weight) from 21 to 36 postnatal days (PND). They preceded from an in-house breeding facility at the Centro de Investigación Biomédica de Occidente, Guadalajara, México. These rats were randomly divided into two groups of 10 animals each: Control rats (without any manipulation) were kept in vivarium in polycarbonate cages with an average background noise level of 60 dB, whereas animals in the experimental group were exposed to noise. Both groups were maintained in a 12:12 light-darkness cycle (lights on at 07:00), at 22 ± 2°C temperature, 70% humidity with *ad libitum* access to tap water and Ralston-rations balanced food. General procedure is shown in [Figure 1](#F1){ref-type="fig"}.

![General procedure: Illustrates the general procedure followed in our experiment. Experimental procedures are chronologically depicted at the left part of the line. Procedures are illustrated on the right part of the figure](NH-19-239-g001){#F1}

Noise exposure {#sec2-2}
--------------

From PND 21 to PND 36, the noise-exposed rats were housed in metal grid cages and translated to a soundproof room, provided with professional tweeters (Motorola) suspended 1 m above the cages. The tweeters were connected to amplifier equipment (Mackie M1400; freq. 20 Hz to 70 kHz; 300 W to 8 Ω) with mixer software that transmitted the acoustic signal at levels ranging from 70 dB to 85--103 dB. Noise intensity was measured with a sound-level meter (Radio Shack). To make noise relevant for the auditive capacity of the animals, environmental noise (EN) was adapted to fit the rats' audiogram (made with software that translates all human noise frequencies to those of the rat). Audio files, provided by Dr. A Rabat,\[[@ref30]\] contained unpredictable noise events with a duration from 18 to 39 s and spaced by silent intervals ranging from 20 to 165 s; these sounds were randomly played to the rats during 24 h throughout 15 days; that is, until PND 36.

Corticosterone assay {#sec2-3}
--------------------

After noise exposure (PND 36), five rats of each group were decapitated and the trunk blood was collected into chilled heparinized tubes. Plasma was separated by centrifugation and stored at −20°C. Corticosterone (CORT) concentration was quantified using an EIA kit (Oxford Biomedical Research). Absorbance readings were taken at 450 nm using a microplate reader.

Glial fibrillary acidic protein immunohistochemistry {#sec2-4}
----------------------------------------------------

After noise exposure (PND 36), five rats of each group received an intraperitoneal injection of a sub lethal sodium pentobarbital dose (60 mg/kg) and were then perfused through the left cardiac ventricle with 150 mL of saline solution, followed by 200 mL of 4% paraformaldehyde in 0.1 M phosphate buffer saline (PBS), pH 7.4. After perfusion, brains were removed and post-fixed in the same fixative solution for 24 h at 4°C. Coronal slices (35 μm) containing CA1, CA3 and dentate gyrus (DG) of hippocampus were obtained using a vibratome (Leica VT1000E; Leica Microsystems, Wetzlar, Germany). The free floating sections were rinsed with 0.1 M PBS three times for 10 min and blocked for 40 min in 10% normal goat serum diluted in PBS, then incubated overnight with polyclonal rabbit anti-GFAP protein (DakoCytomation) diluted at 1:500 in PBS 0.1 M containing 10% normal goat serum. The sections were washed three times, for 10 min each time in PBS at room temperature, and then incubated for two h with a 1:1000 dilution of anti-rabbit IgG Alexa Fluor 594 (red) in 10% normal goat serum diluted in PBS. After incubation of the secondary antibody, the sections were rinsed in PBS, mounted, dried, and covered with an anti-photobleaching (vectashield).

Glial fibrillary acidic protein count {#sec2-5}
-------------------------------------

Series of systematically selected brain sections representing the entire hippocampus (35 μm-thick every 140-μm starting on bregma −4.5 and ending on bregma −2.1) were manually counted using a X400 magnification. From each section (16 sections per animal, four animals per group), we counted the number of GFAP immunopositive cells in 10 microscopic fields (640 μm^2^) as follows: three fields belonging to the CA1 subarea, two fields belonging to the CA3 subarea, and five fields belonging to the DG subarea.

Astrocytes processes length measurement {#sec2-6}
---------------------------------------

To measure astrocytes processes length, we recorded the center of each analyzed microscopic field on photographs measuring 130 μm × 180 μm. The length of the astrocyte prolongations on each picture was measured with the automated Image-pro free software (Fiji version, NIH, USA) over the digital images obtained with a Leica DFC320 camera.\[[@ref31]\] We calculate the signal intensity converting the frames into grayscale with homogeneously adjusted threshold. The program reported histograms indicating the number of pixels occupied by the GFAP immuno-labeled processes within the recorded area. Then, we reported the average number of pixels occupied by the GFAP marked processes as an objective measure of astrocytes processes length.

Statistical analysis {#sec2-7}
--------------------

Statistical analysis of data was performed by using the IBM Statistical Package for the Social Sciences version 20.0 software (IBM Inc. SPSS, Chicago IL, United States), and graphs were created with adobe illustrator CS6. All data are expressed as mean ± standard error of the mean. For CORT concentrations, we used the unpaired Student *t* test to compare the two groups. Independent unpaired *t* tests were also applied to analyze the differences in the number and length of astrocytes processes on each counted region (CA1, CA3, and DG). In all cases, a value of *P* ≤ 0.05 was chosen to establish significant differences.

R[esults]{.smallcaps} {#sec1-3}
=====================

Corticosterone concentration {#sec2-8}
----------------------------

To assess the intensity of stress in experimental rats exposed to noise, the serum CORT concentration was measured at completion of the 15 days period. [Figure 2](#F2){ref-type="fig"} illustrates CORT measures. As expected, stressed rats (*n* = 5) exhibited higher serum CORT concentrations than control rats (*n* = 5) (0.12 ± 0.10, ^\*^ *P* \< 0.05).

![Stress-like effects of noise exposure. Mean ± SEM plasma levels of corticosterone obtained after exposure to environmental noise. Increased CORT levels were found immediately after exposure to noise (^\*^*P* \< 0.05). Bars represent the mean ± SEM](NH-19-239-g002){#F2}

Glial fibrillary acidic protein immunohistochemistry {#sec2-9}
----------------------------------------------------

Immunocytochemical analysis of astrocytes in the hippocampus of control and experimental rats was performed to determine whether the noise exposure was capable of eliciting reactive gliosis in stressed rats. To do so, coronal brain slices were examined through bregma −2.1 to −4.5 (hippocampus territory).\[[@ref32]\] In the tissues of stressed rats a trend towards an increase of population of GFAP positives astrocytes was distinguished in CA3, followed by DG and the CA1 areas. However, the differences were not statistically significant for this parameter. [Figure 3](#F3){ref-type="fig"} illustrates astrocyte numbers.

![Hippocampal astrocyte numbers. Counting of GFAP (green star-like cells showed in micrographs) performed in the hippocampus of young rats. Regions of interest are displayed on a series of slices depicted in the left part of the figure. Examples of every counted region are showed on right-bottom figures. A trend to greater but non-significant population of GFAP-positive astrocytes was distinguished in CA3, followed by DG and the CA1 areas](NH-19-239-g003){#F3}

Length measurement of astrocytic extensions revealed hypertrophic astrocytes in the hippocampus of stressed rats as compared to controls. [Figure 4](#F4){ref-type="fig"} shows the comparison of astrocytic arborizations in the different hippocampal regions. All analyzed areas showed statistical differences between groups: Dentate Gyrus (control 109.47 ± 6.60 vs. noise 127.28 ± 4.76, \**P* \< 0.02); CA3 (control 80.22 ± 3.2 vs. noise 108.97 ± 6.9, ^\*^ *P* \< 0.01); and CA1 (control 90.24 ± 3.6 vs. 117.13 ± 7.4, \**P* \< 0.02). [Figure 4](#F4){ref-type="fig"} also shows representative immunofluorescence images of each region.

![Hippocampal astrocyte lengths. Counting of astrocyte processes length performed in the hippocampus of young rats. White arrows indicate control (upper microphotograph) and noise (lower microphotograph) representative lengths. All analyzed areas showed statistical differences between groups: GD (^\*^*P* \< 0.02); CA3 (^\*^*P* \< 0.01); and CA1 (^\*^*P* \< 0.02)](NH-19-239-g004){#F4}

D[iscussion]{.smallcaps} {#sec1-4}
========================

In the present study, we were able to investigate the cerebral effects of noise with minimal intervening variables, and how the astrocytic population in the hippocampus of young male rats responded against acoustic stress. Findings showed that exposure of these rats to EN caused raising of serum CORT and that regardless the anatomical area, astrocytes increased their processes length and tended to increase their total numbers.

Since this kind of noise is unpredictable, inescapable and physically perceptible, we concluded that it caused stress in exposed animals. Previous studies are consistent with this finding and allow us to presume that changes on glial citoarchitecture may − at least in part − be related to stress/hormone deregulation.\[[@ref29][@ref33]\] Studies showing that glucocorticoid administration increase astrocyte numbers in the hippocampus support this suggestion.\[[@ref34]\] Moreover, our findings agree with other reports of astrogliosis in the hippocampus as a consequence of stress exposure.\[[@ref35][@ref36]\] To our knowledge, this is the first study providing evidence for astrocyte reactions under EN exposure.

The increased synthesis of GFAP, the principal component of intermediate filaments (IF) of astrocytic cytoskeleton, is one of the best known manifestations of the early reaction of astrocytes against various classes of stimuli.\[[@ref37]\] On one hand, the physiological conditions such as increased cell motility, migration, proliferation, vesicle trafficking, or changes on astrocyte-neuron interactions lead to glial reactions characterized by high-level expression of GFAP.\[[@ref38]\] On the other hand, the pathological conditions such as trauma, ischemia, and neurodegeneration are also accompanied by hypertrophic changes on IF, a characteristic response identified as reactive gliosis.\[[@ref20]\] Results obtained in our experiment confirmed that hippocampal GFAP is sensible to environmental stimuli, at least during the early stages of life. However, despite the fact that GFAP counts exhibited a clear enhancement, it is not clear whether these changes correspond to pathological gliosis or could it be a part of a more adaptive response. We believe on the basis of previous studies exploring long-term benefits of early-life stress\[[@ref39]\] that changes reported here represent a more adaptive/plastic response. In any case, our results evidenced a convincing response of hippocampal astrocytes to chronic noise that clearly reflected a compromised microenvironment. Then, astrocyte reactions could be very helpful in assessing vulnerabilities of hippocampus and other non-auditory structures to noise.

Beyond the actual meaning of these morphological changes, our study also added evidence for mechanisms linking EN to high order non-auditory structures. Recent studies have argued that high-order cognitive abilities such as learning and memory become permanently affected under exposure to severe noise.\[[@ref29][@ref40]\] Since the hippocampus has been established as the main regulator of memory processes,\[[@ref41][@ref42]\] studies like ours could be relevant to better understand the effects of noise on cognition. Apart from us, a growing group of researchers have focused this question.\[[@ref26][@ref27][@ref33][@ref40][@ref43][@ref44][@ref45][@ref46]\] Liu *et al.*,\[[@ref46]\] for example, found that noise was able to produce long-term deficit in spatial learning, and that this deficit was correlated with the degree of hearing loss and the decrease of hippocampal neurogenesis. Manikandan *et al.* \[[@ref26]\] reported that exposure to chronic noise caused impairment in spatial memory, and that this impairment was associated with reduced dendrite branches in the hippocampus. Furthermore, using the same urban noise adaptation, Dr. Rabat and coworkers demonstrated that intermittent and randomly spaced noisy events produced long-term memory deficits in vulnerable rats;\[[@ref27]\] a result confirmed in our laboratory that also evidenced long-term impairment in hippocampal neurogenesis.\[[@ref29]\] So taken together, experiments above referred strongly suggest that the hippocampus is in fact a key structure in mediating the effects of noise on high-order cognitive processes. We extended these results by providing evidence that astrocytes also serve as mediators of these effects.

To conclude, our study provided evidence of mechanisms linking noise to non-classical auditory structures. We demonstrated that the hippocampus of young male rats is sensible to the effects EN. Astrocytes residing in the hippocampus of these animals may play an important role in the physiologic/pathologic response to EN. Since CORT levels were increased after noise exposure, we believe that these non-auditory effects were − at least in part − mediated by stress regulatory systems.
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